Objectives: To characterize cognitive impairment in primary progressive multiple sclerosis (PPMS) and to correlate the pattern of cognitive deficits with brain magnetic resonance imaging (MRI) volumetric data.
| INTRODUCTION
Cognitive impairment has been increasingly recognized as a frequent cause of disability in multiple sclerosis (MS) in all stages of the disease, with a profound impact on activities of daily living and quality of life. 1, 2 It is reported to be present in 15-65% of patients with MS, 3, 4 depending on different cognitive impairment definitions and disease subtypes. 1, 5, 6 Due to the relative rarity of primary progressive multiple sclerosis (PPMS), 7 the impact of cognitive dysfunction on this MS subtype
has not yet been fully investigated. The few studies assessing cognitive impairment in PPMS estimate a frequency of cognitive dysfunction ranging from 7% to 50% 2, 4, 8 and affecting several domains, including attention and working memory, verbal learning, spatial memory, spatial reasoning, and verbal fluency. 4, 5, [9] [10] [11] [12] Most of these studies rely on small single-center samples, which may account for the widely varying frequency of cognitive impairment and equivocal results when comparing PPMS with other MS subtypes. In addition, data regarding magnetic resonance imaging (MRI) correlates of cognitive dysfunction in PPMS are scarce. In relapse-onset MS, it is widely recognized that MRI measures of white matter (WM) and gray matter (GM) atrophy are correlated with cognitive dysfunction, generally with GM volume indices accounting for most of the variance. 13 However, patients with PPMS have MRI characteristics that differ from those with relapse-onset MS, with relatively low burden and activity of MRI-visible lesions on T2-weighted and gadolinium-enhanced scans of the brain, 14 and therefore, these results cannot be directly extrapolated. A few studies have investigated the relationship between MRI findings and cognitive impairment in PPMS. Ukkonen and colleagues 15 found cognitive deficits in patients with PPMS to be correlated with T1-and T2-lesion load, but not with global brain atrophy, while in a more recent study by Tur et al.,
GM damage as measured by magnetization transfer ratio was the main correlate of overall cognitive dysfunction. 16 The influence of individualized subcortical GM structures and regional cortical atrophy on PPMSrelated cognitive impairment, however, remains to be determined.
The purpose of our study was to characterize cognitive impairment in patients with PPMS and to correlate the pattern of cognitive deficits with brain MRI volumetric data.
| MATERIALS AND METHODS

| Study population and setting
In a multicenter, hospital-based, cross-sectional study, we recruited patients with PPMS regularly followed at the Department of 
| Clinical assessment
A full medical history and detailed neurologic examination were obtained for all patients. The following clinical and demographic data were collected: age, years of education, sex, handedness, age of disease onset, age at diagnosis, disease duration, and current diseasemodifying treatment. Physical disability was evaluated using the detailed Kurtzke Expanded Disability Status Scale (EDSS). 18 For HC, medical history was obtained by interview prior to assessment.
| Neuropsychological evaluation
All participants underwent a neuropsychological (NP) evaluation, which was performed in a single session and using the same test order in all centers. were checked and manually corrected whenever necessary. Volumetric data were normalized to the estimated total intracranial volume and included the following individualized structures: total GM, total neocortical GM, total subcortical GM, total WM, frontal cortex, parietal cortex, occipital cortex, temporal cortex, cingulate cortex, subcortical GM nuclei (caudate, putamen, globus pallidus, thalamus, and nucleus accumbens), corpus callosum, lateral ventricles, and III ventricle.
The T1 lesion volumes were obtained with the FreeSurfer software, as described above, using the "T1 white matter hypointensities" volume output. T2 lesion load was measured by experienced observers, who manually contoured the WM lesions slice by slice on the FLAIR acquisition series, using the 3D Slicer software (v4.3.1, freely available at http://www.slicer.org).
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| Statistical analysis
Categorical variables are reported as absolute (n) and relative frequencies (%), and continuous variables are expressed as mean and standard deviation (SD) for variables with a normal distribution, or median and interquartile range (IQR) otherwise. Normality was assessed both visually and through the Kolmogorov-Smirnov test.
Categorical variables were analyzed using the chi-square (χ2) test or the Fisher exact test (as appropriate). An independent-samples t test was used to compare normally distributed continuous variables;
for variables with a non-normal distribution, a Mann-Whitney U test was performed. In addition, an analysis of covariance (ANCOVA) was performed adjusted for BDI and MFIS scores for between-group comparison of NP performance.
For each NP score, z-scores were calculated according to the following formula: (patient's score -mean value of HC group matched for age, sex, and education level)/SD of the matched HC. Impairment in a given NP test was defined as a z-score below the fifth percentile of the matched HC group.
Pearson's correlation (or Spearman correlation if normality was not assumed) was used to assess the correlation between NP performance, clinical variables, and MRI data, controlled for age and education level.
To account for possible confounders and interactions between variables, a forward stepwise linear regression model (entrance criterion P<.05 and exit criterion P=.10) was generated in order to determine which MRI variables (lesion load and regional volumes) were predictors of cognitive performance on each NP test. In each case, age and education were entered as covariates and retained in block 1.
Significant variables in the correlation analysis were entered in block 2 using the forward stepwise technique.
Statistical analyses were performed using IBM SPSS Statistics for 
| RESULTS
| Demographic and clinical description of population
Ninety-eight patients with PPMS were identified in the six centers involved in this study. Forty-three were excluded for the following rea- 
| Cognitive performance
Patients with PPMS performed worse than their matched HC in all NP tests (Table 2) . Regarding depression and fatigue measures, patients with PPMS had significantly higher BDI and MFIS scores than HC (P<.001).
After controlling for the effect of BDI and MFIS scores using ANCOVA analysis, the differences between patients with PPMS and The group of patients that was not able to undergo MRI was not significantly different from the remaining sample regarding age, sex distribution, education, disease duration, and EDSS (Table S1 ).
Brain structures and lesion load volumes are shown in Table 3 .
Correlations between brain MRI variables and cognitive tests in patients with PPMS, controlled for age and education, are presented in Table 4 . FDR-corrected and therefore was not analyzed further on regression models.
The regression models predicting performance on NP tests were controlled for the effects of age and education (Table 5 ). In each case, only those MRI variables that were statistically significant in the correlation analysis were entered into the models. Thalamic volume was the only predictor of performance in all NP tests.
| DISCUSSION
In the present study, we have characterized the cognitive profile of a multicenter cohort of patients with PPMS and compared it with a matched group of HC. Patients with PPMS performed significantly worse than their matched HC in all evaluated cognitive domains, which is in agreement with previous studies. 5, 11, 15 In an attempt to investigate the pathophysiology of cognitive impairment in PPMS, we analyzed the contribution of several brain MRI parameters in this group of patients, including conventional measures of lesion load and WM and GM volumetric measures. To the best of our knowledge, this is the first study assessing the influence of individualized subcortical GM structures and regional cortical atrophy in PPMS-related cognitive impairment. The results obtained suggest that GM damage is important in PPMS, appearing as the main contributor to the related cognitive ). Data are given as mean ± standard deviation.
T A B L E 3 Brain strutures and lesion load mean volumes of patients with PPMS in cognition has been emphasized. In line with this, previous studies in relapse-onset MS examining the influence of subcortical GM structures on cognition have revealed a strong correlation between these and cognitive performance. 13 Among subcortical GM structures, the thalamus has shown the strongest correlation with cognitive impairment in MS studies. 36 In PPMS, it has been reported that, in clinically early disease, atrophy is most prominent in subcortical GM structures, particularly in the thalamus, with cortical and infratentorial atrophy developing later as the disease progresses. 37 More importantly, it has been demonstrated that thalamic damage independently predicts long-term accumulation of disability in PPMS. 38 Our study is the first to suggest that thalamic volume is a significant predictor of PPMS-related cognitive impairment. Interestingly, thalamic volume was an independent predictor of verbal and visuospatial memory, which are typically impaired in conditions affecting the mesial temporal cortex. The thalamus, specifically the anterior and dorsomedial nuclei, is part of the Papez circuit and therefore is a critical structure for episodic memory.
Recent theories propose a reciprocal connection between the hippocampus and the thalamus, the latter being implicated in executive aspects of episodic memory (selection of to-be-coded information and retrieval strategies), 39 which could offer some explanation for our data.
There are some limitations to our study to be considered. Apart from these concerns, our study furthers the knowledge of cognitive dysfunction in PPMS and its respective underlying mechanisms. We conclude that cognitive impairment is common in PPMS and affects several cognitive domains including information processing speed, visual memory, verbal memory, and executive functions. Subcortical GM volume, particularly of the thalamus, was the strongest predictor of cognitive impairment, suggesting it has a crucial contribution to cognition in PPMS.
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